Recent studies suggest that pericytes around capillaries are contractile and able to alter the diameter of capillaries. To investigate the effects of capillary dilation on network dynamics, we performed simulations in artificial capillary networks of different sizes and complexities. The unequal partition of hematocrit at diverging bifurcations was modeled by assuming that each red blood cell (RBC) enters the branch with the faster instantaneous flow. Network simulations with and without RBCs were performed to investigate the effect of local dilations. The results showed that the increase in flow rate due to capillary dilation was less when the effects of RBCs are included. For bifurcations with sufficient RBCs in the parent vessel and nearly equal flows in the branches, the flow rate in the dilated branch did not increase. Instead, a self-regulation of flow was observed due to accumulation of RBCs in the dilated capillary. A parametric study was performed to examine the dependence on initial capillary diameter, dilation factor, and tube hematocrit. Furthermore, the conditions needed for an efficient selfregulation mechanism are discussed. The results support the hypothesis that RBCs play a significant role for the fluid dynamics in capillary networks and that it is crucial to consider the blood flow rate and the distribution of RBCs to understand the supply of oxygen in the vasculature. Furthermore, our results suggest that capillary dilation/ constriction offers the potential of being an efficient mechanism to alter the distribution of RBCs locally and hence could be important for the local regulation of oxygen delivery. capillary dilation; red blood cells; RBCs; neurovascular coupling; cortical capillary network; numerical model A PROFOUND UNDERSTANDING OF flow in vascular networks is the basis for a wide range of research topics related to energy metabolism. In the case of the brain, it is known that increases in neuronal activity coincide with a marked increase in local energy demand and that local vascular changes occur to rapidly upregulate oxygen and glucose delivery. Recent evidence has shown that pericytes are contractile cells capable of locally changing the cross sections of capillaries (25, 36) . In contrast to networks in other organs, the cerebral vasculature shows significant pressure gradients across capillaries (4). Thus, from a physiological and fluid dynamical view point, flow regulation at the capillary level is feasible and effective. However, several fundamental questions related to capillary regulation remain open. For example, 1) how local and how large is the influence of dilation/constriction on flow and hematocrit, 2) how are transit times affected, and 3) what is the relevance for cerebral blood flow regulation or for any other organs.
A PROFOUND UNDERSTANDING OF flow in vascular networks is the basis for a wide range of research topics related to energy metabolism. In the case of the brain, it is known that increases in neuronal activity coincide with a marked increase in local energy demand and that local vascular changes occur to rapidly upregulate oxygen and glucose delivery. Recent evidence has shown that pericytes are contractile cells capable of locally changing the cross sections of capillaries (25, 36) . In contrast to networks in other organs, the cerebral vasculature shows significant pressure gradients across capillaries (4) . Thus, from a physiological and fluid dynamical view point, flow regulation at the capillary level is feasible and effective. However, several fundamental questions related to capillary regulation remain open. For example, 1) how local and how large is the influence of dilation/constriction on flow and hematocrit, 2) how are transit times affected, and 3) what is the relevance for cerebral blood flow regulation or for any other organs.
Addressing these topics experimentally is difficult because multiple capillaries have to be monitored at the same time. However, various works in the rat cerebral cortex recorded changes in red blood cell (RBC) velocity, RBC distribution, and RBC supply rate induced by electrical stimulation (46) or by hypercapnia (52) . The results of both works point towards further mechanisms, besides the increased RBC supply rate resulting from arteriole dilation, which alter the distribution of RBCs to locally upregulate oxygen supply. Dilation of one or multiple capillaries could explain the observed phenomena.
Numerical simulations so far have focused on reproducing the hematocrit distribution (43, 45, 47) and on defining appropriate boundary conditions for realistic networks (24, 32) . A further area of research is the dynamics of microvascular networks with and without white blood cells (11, 19, 23, 28) . Reichold et al. (44) investigated the effects of arteriole dilation on cerebral blood flow. However, the model introduced by Reichold et al. is not suitable to study the distribution of RBCs as the tube hematocrit is only a function of vessel diameter and hence is constant for one network topology. Lorthois and Lauwers (34) simulated dilations of either all or a randomly chosen set of capillaries. However, to our knowledge no systematic study focusing on single capillary dilation exists.
As early as 1972, Fung (22) considered flow in a bifurcation with two branches of equal diameter and noted that the tendency of RBCs to enter the branch with faster flow would increase the flow resistance in that branch, thereby reducing the flow in that branch. This phenomenon, which we term selfregulation (SR), has the effect of reducing the disparity between the flow rates in the downstream branches of a diverging bifurcation. Therefore, we expect that in statistical steady state and within the limitations of SR the outflow velocities and flow rates are equalized. The self-regulating behavior has also been observed by Furman and Olbricht (23) and Sessoms et al. (49) .
The phase-separation effect and the discrete nature of RBCs lead to spatial and temporal fluctuations in the RBC velocity and the RBC distribution throughout the capillary network. Many experimental studies focused on quantifying the variations in RBC velocity and tube hematocrit (15, 16, 27, 29, 47, 51) . In further studies, the fluctuations in single capillaries have been quantified (13, 14) . Those results underline the importance of taking into account the RBC-induced SR based on the interdependence of RBCs and blood flow to fully understand the flow in the microcirculation. Despite its importance for fluid dynamics in capillary networks, only a few numerical investigations addressed the topic of SR in larger microvascular networks (35, 38) .
In the present study, simplified capillary networks are analyzed with several objectives in mind: 1) to quantify the effects of capillary dilation and comment on its role in neurovascular coupling, 2) to point out that both the RBC distribution and the RBC supply rate need to be considered to understand the oxygen supply mechanisms in the vasculature, and 3) to systematically study the impact of RBCs on the flow in the microcirculation and underline the importance of treating blood as a biphasic fluid.
The first step consists of investigating effects of local dilations in the presence and absence of RBCs. The resulting RBC concentrations and blood flow distributions were compared. Furthermore, we analyzed the flow separation at divergent bifurcations throughout the network for simulations with and without RBCs.
The applied simulation model is based on the discrete RBC model presented by Obrist et al. (35) , which differs significantly from other models, where the RBC flow is calculated by empirically derived equations. In the empirically derived models, the steady-state solution is obtained by an iterative approach, which considers the phase-separation effect at divergent bifurcations by applying an empirically derived function (47) . For the phase-separation effect, various empirical functions have been used in different works (11, 24, 41, 47) . The formulation by Pries and Secomb (41) and Pries et al. (43) is one of the most widely used functions.
Guibert et al. (24) studied the impact of different phaseseparation laws on the hematocrit distribution in realistic networks. They concluded that the applied phase separation law has a relatively small effect on the pressure distribution but a strong effect on the hematocrit distribution. The empirical model has been used to study flow in different systemic tissues, such as the rat mesentry (47) and the cerebral vasculature (24, 32, 33, 34) .
The discrete approach was first used as by Schmid-Schön-bein et al. (45) and Furman and Olbricht (23) . Both studies report for diverging bifurcations that RBCs favor the branch with the larger flow rate. This is in contrast to our approach, where the RBCs follow the path of the largest bulk flow velocity, as stated by Fung (22) and Yen and Fung (53) . In previous work by Fenton et al. (19) and by Pozrikidis (38) particles are also tracked, but at divergent bifurcations an empirically derived function was used to describe the movement of RBCs. Further approaches use the convection equation to compute the hematocrit distribution (8, 37) or groups of RBCs (ϭ"slugs") are followed individually (28) .
Hence, our work is the first which studies the distribution of RBCs and the effects of capillary dilation in larger artificial networks, where the phase separation effect is modeled by assuming that each RBC enters the branch with the larger instantaneous flow.
DISCRETE RBC MODEL FOR CAPILLARY NETWORKS
To systematically study flow and RBC transport at the capillary level, simplified yet representative networks are considered, which are described in Simplified Capillary Networks. The flow equations and the simulation procedure are presented in Governing Equations and Simulation Procedure.
Simplified Capillary Networks
The capillary networks used for the simulation studies in this article are approximated by straight tubes, each connecting two nodes (Fig. 1) . A node can either be a bifurcation with three adjacent tubes or an inner node connecting two tube segments. The latter case is relevant, since only dilations of inner vessel segments (between 2 inner nodes) are considered (Fig. 1A) . Initially the diameters of all tubes are identical (baseline). In case of dilation, the diameter of an inner segment is increased by the dilation factor f Dil; note that the segments adjacent to divergent bifurcations remain unaltered.
Further simplifications compared with real vascular networks are that tortuosity and cross sectional variations are not taken into account.
Governing Equations
For a pipe with diameter D, the Reynolds number is defined as Re ϭ uD/, where u is the bulk flow velocity, the fluid density, and the dynamic viscosity of the fluid. Due to very small Reynolds numbers in the microcirculation (Re Ͻ 0.1), inertial effects can be neglected. Therefore, the Navier-Stokes equation reduces to the Stokes equation
where p is the pressure. Furthermore, the fluid can be considered incompressible and therefore the continuity equation reads
From Eq. 1 it can be derived that the flow rate in a tube connecting nodes i and j can be calculated as
where pi and pj are the pressure values at the nodes i and j, respectively. Rij is the nominal resistance of the tube connecting the two nodes and is defined as the product of the specific resistance rij and the 
Note that noncircular cross sections can be considered by a scaling factor. However, blood is a non-Newtonian fluid. The RBC concentration and the diameter of the tube contribute significantly to the effective tube resistance. Here, in line with Ref. 40 , the relative apparent viscosity vitro is introduced and reads (6) and
where Hd is the discharge hematocrit. The empirical relation (Eq. 5) also accounts for the Fåhraeus-Lindqvist effect, which states that the viscosity of blood strongly depends on the vessel diameter and the hematocrit. According to Fåhraeus and Lindqvist (18) , the viscosity of blood decreases with decreasing vessel diameter (up to a point close to 5 m, below which it increases steeply). Significant discrepancies between in vitro and in vivo measurements of relative apparent viscosity were found by Lipowsky et al. (31) . Pries and Secomb (41) attributed those differences to the influence of the endothelial surface layer (ESL) and introduced the relative effective viscosity
to account for the ESL. The effective diameter is denoted by Deff and can be computed from the vessel diameter and the effective thickness W eff of the endothelial surface layer (41) . Subsequently, the effective resistance of the capillary is equal to R ij e ϭ vivoRij and the flow of the suspension between two neighboring vertices can be computed as
According to the Fåhraeus effect (17) (10) where tube hematocrit Ht and bulk flow velocity uij are defined as
and
The number of RBCs is denoted by N RBC; VRBC and V denote RBC and vessel volumes, respectively, and A is the cross-sectional area of the vessel. V RBC is set to 56.51 fl (rat) (3) and kept constant throughout the simulation.
Pries and Secomb (41) derived an empirically based function to calculate the ratio between in vivo tube and discharge hematocrit values as
where Dph is the physical diameter, accounting for the diameter reduction due to the endothelial surface layer (41) . The discharge hematocrit H d is needed to calculate the RBC velocity (Eq. 10) and the relative apparent viscosity (Eq. 5).
At divergent bifurcations (nodes with 1 inflow and 2 outflow tubes), a rule to track the RBCs is required. It is well established that the ratio of RBC concentrations in the outflow branches is not proportional to the ratio of flow rates (phase-separation effect) and identifying the important factors for this phase-separation effect is subject of ongoing research (1, 2, 10, 12, 39) . Respective investigations range from in vivo (39) and in vitro (10, 12) experiments to complex numerical simulations including the deformation of RBCs (2) .
To conduct representative blood flow simulations in capillary networks, where each RBC is represented by a computational particle, we need a bifurcation rule that describes the instantaneous RBC movements. In most of the existing numerical works, the empirical function by Pries and colleagues is applied (24, 32, 33, 34, 47) . However, this is a description of the time-averaged behavior of RBCs at divergent bifurcations and not of their instantaneous movement. In previous work by Fung (22) and Yen and Fung (53) , the RBC moves into the daughter vessel with the larger bulk flow velocity. On the other hand, Schmid-Schönbein et al. (45) and Furman and Olbricht (23) applied a bifurcation criterion which is based on the flow rate. To avoid that our results depend on the chosen bifurcation rule we keep the diameters of all vessels at the bifurcations constant. For such bifurcations, the RBC moves in the same downstream branch for the bulk flow velocity based and the flow rate based bifurcation rule.
The movement of RBCs is implemented such that they may get blocked by others at bifurcations. For example, if two RBCs arrive simultaneously at a convergent bifurcation, one of them has to wait for sufficient space. Moreover, further RBCs might accumulate behind the blocked RBC.
Simulation Procedure
Mass balance at every node i leads to
where qi is a source term describing flow in and out of the network. If the in-and outflow boundary conditions and the hematocrit in every vessel are known, the flow problem is well defined and can be transformed into a system of linear equations, i.e.
where the known vector q contains the in-and outflow rates and the unknown vector p contains the pressure values at each node. The matrix N results from Eq. 14. The simulation procedure can be summarized as follows: 1) Define the network geometry and boundary conditions. 2) Random initialization of RBC positions considering initial tube hematocrit.
3) Calculate effective resistance.
4)
Compute pressure and flow field based on Eq. 14. 5) Evolve RBCs (Eq. 10) until one of them reaches a bifurcation or a blocked RBC.
6) Apply bifurcation rule if necessary.
7) Go to step 3. Due to the bifurcation rule and the impact of the RBCs on the effective resistance we observe oscillations throughout the network. The oscillating behavior has been reported and investigated earlier in various works (7, 8, 11, 19, 23, 28, 38) . In the presented work we limit ourselves to analyzing the results for the statistical steady state and do not focus on the oscillations. However, we want to point out that our model is capable of capturing transient changes.
RESULTS
To demonstrate the effects of capillary dilation two simplified capillary networks were used (Fig. 1) . We started by analyzing a simple two-branch network (Fig. 1A, network 1) , which consists of one active (capillary dilation) and one passive branch (no capillary dilation). The length of each branch is equal to 150 m.
The size of the network was increased by assembling twobranch networks to obtain a hexagonal network (Fig. 1B,  network 2 ). The hexagonal network represents a simplified mesh-like structure as it is found in the cerebral capillary bed (26) . In network 2 the initial diameter of every vessel is equal to 7 m and the length of each vessel segment was set to 60 m. The vessel length was chosen based on the work by Secomb et al. (48) , who showed that in vessels with a diameter of 8 m RBCs migrate in the lateral direction and reach a position close to the centerline after a distance of ϳ60 m.
The pressure at the outlet was set to p out ϭ 0 mmHg. For better comparison the same inflow rate q in was assigned to every network type. It was chosen such that the velocity of the RBCs is in the range of the measured values in the capillary bed. For all cases the focus lies on SR in the case of capillary dilation, its consequences for the distribution of the RBCs, and its limitations.
Two-Branch Network
Network 1 (Fig. 1A ) was used to illustrate and study SR in the simplest configuration possible. Furthermore, the influence of different parameters (e.g., dilation factor, tube hematocrit) can be analyzed easily and the changes resulting from capillary dilation can be quantified.
The network consists of an active and a passive branch. In the baseline case (without dilation), the bulk flow velocities in the outflow branches of the divergent bifurcation are equal due to the symmetry of the network. To unbalance the system, the diameter in an interior segment of the active branch with a length of 40 m (total branch length 150 m) is increased by the dilation factor f Dil , that is, ( 16) where D init is the initial diameter, which is the same in the active and the passive branch, and D Dil is the diameter after dilation in the active branch. The diameters at the bifurcation remain unaltered (Fig. 1A) . Due to the dilation the specific resistance is reduced, and hence, instantaneously the flow rate and the bulk flow velocity increase in the active branch. According to the defined bifurcation rule, balanced bulk flow velocities at the bifurcation and an accumulation of RBCs in the active branch should be obtained in the steady state if sufficient RBCs are present. In the case of equal diameters at the bifurcation, balanced bulk flow velocities are equal to balanced local pressure gradients or flow rates. Figure 2 shows the steady-state results for different initial capillary diameters D init ( Fig. 2A ) and different inflow tube hematocrits H t,in (Fig. 2B) To judge on the effectiveness of SR, the flow rates for the simulation with and without RBCs were compared. Figure 2 , row 1, depicts the flow rate relative to baseline q/q base for the cases without RBCs (H t,in ϭ 0.0) and with an inflow tube hematocrit of H t,in ϭ 0.4. For simulations with RBCs the relative flow rate in the steady state is Ϸ1.0, whereas for H t,in ϭ 0.0 the flow rate in the active branch increases/decreases in the case of dilation/constriction. This is due to the lack of RBCs to compensate for the changed specific resistance of the active branch. For H t,in ϭ 0.4 the number of RBCs in the active branch increases on average by 12% compared with the baseline case. In the passive branch there are on average 6% less RBCs (Fig. 2, row 2) , and consequently, the outflow rates at the divergent bifurcation are equalized. Figure 2B , row 2, shows that for low inlet hematocrits the number of RBCs is significantly more reduced in the passive branch to compensate the induced changes in resistance.
The results for different initial diameters ( Fig. 2A) show that in the two-branch network SR is more pronounced for larger capillary diameters. This can be explained by the constant RBC volume and the same vessel lengths for simulations with different initial diameters. Hence, for vessels with a larger diameter, more RBCs are needed to obtain the same tube hematocrit (Eq. 11). Consequently, the larger the capillary diameter the more RBCs are in the network and the better the system is able to adapt to changes. tion is due to the diameter change and to smaller extent to the ratio of discharge to tube hematocrit H d /H t (Eq. 10), which is a function of the vessel diameter.
All simulations support the importance of the RBC-induced SR and underline the necessity to treat blood as a biphasic fluid in capillary networks, because SR is not captured if blood is treated as a single-phase fluid. The parameter study revealed that SR is present in all cases with RBCs but that a higher tube hematocrit in the parent vessel is beneficial for the effectiveness of SR.
Hexagonal Networks
Network 2 (Fig. 1B) is used to analyze the effectiveness of SR in larger and more realistic networks. In a first step we analyzed the distribution of RBCs and the flow field for the baseline case. This provides the basis for the investigations on capillary dilation. We continued by comparing baseline cases to networks with dilation, as we did for the two-branch network. As mentioned above, the capillary diameters are the same at the bifurcations; thus, for simplicity, we compare the relative flow rates at the outflow branches of the divergent bifurcation, instead of the bulk flow velocities. The relative flow rate q db,rel at a divergent bifurcation is defined as the ratio of the flow rate in one of the outflow branches to the flow rate in the inflow branch.
SR for the baseline case. To analyze the impact of the RBCs on the network dynamics the relative flow rates at divergent bifurcations are compared for simulations with and without RBCs. In total 23 divergent bifurcations exist in network 2. If SR is fully active, the relative flow rate is equal to 0.5 in both outflow branches. To judge on the effectiveness of SR at individual divergent bifurcations the balance factor
for divergent bifurcations is introduced, where q k,db,rel is one of the two relative flow rates in the divergent branches of bifurcation k. The balance factor B db,k is equal to 1 for perfectly well-balanced bifurcations and equal to 0 for completely illbalanced bifurcations. The sign of the balance factor is positive for the branch with the higher flow rate and negative for the branch with the lower flow rate.
The averaged balance factor
is the network average of the balance factor B db,k , where M div is the set of all outflow branches of divergent bifurcations. It is used to compare the overall network balance for different networks and different boundary conditions. The averaged balance factor strongly depends on the network geometry and the inflow tube hematocrit and approaches 1 for networks in equilibrium (balanced outflow rates at every divergent bifurcation). To measure the overall network balance, the averaged balance factor and histograms of the balance factor are used. The overall network balance of network 2 for different H t,in is summarized in Fig. 4 . The highest averaged balance factor is achieved with H t,in ϭ 0.25 (Fig. 4A) . If H t,in is increased further, the averaged balance factor drops again. Also, concerning the number of ill-balanced bifurcations, no improvement can be achieved by increasing H t,in further (Fig. 4C) . Thus it is assumed SR in response to capillary dilation. The next step consists of analyzing the effects of capillary dilation in network 2 and of investigating the factors influencing the effectiveness of the SR. In larger networks not only the changes in the dilated branch itself, but also the influence on the neighboring vessels and the rest of the network are of interest. Therefore the network is divided into different sections and the SR factor SR GenX is introduced. The dilated capillary is considered as generation 0 capillary (Gen0). The direct neighboring vessels are grouped as capillaries of generation 1 (Gen1), and accordingly, their neighbors are capillaries belonging to generation 2 (Gen2). All remaining capillaries in the network are assembled in generation 3 (Gen3). For each generation the averaged relative flow change ⌬Q GenX is calculated. It is defined as
where q base stands for the results of the simulation for the baseline flow and GenX is the set of capillaries belonging to generation X. Figure 5 shows the averaged relative flow change ⌬Q GenX for generations 0 -3 for two exemplary cases. For all cases the inflow rate was set to q in ϭ 50 m 3 /ms and the capillary diameter was increased by 15% from 7.0 to 8.05 m in an inner segment with a length of 48 m. The total length of the branch is 60 m, and the diameters at the divergent bifurcations are kept constant. The relative flow change for Gen0 with RBCs is more than 4.0 times smaller than for simulations without RBCs. The equivalent trend is found for Gen1. Gen2, and Gen3 represent the influence on the capillaries, which are not direct neighbors of the dilated capillary. The relative flow change for Gen2 and Gen3 depends on the overall network balance, and for example 1 we observe a slight increase of ⌬Q Gen3 . As ⌬Q Gen3 is very low in general, we consider the small increase of ⌬Q Gen3 as negligible. Therefore, the conclusion that the flow rates in the network are not affected significantly by capillary dilation at well-balanced bifurcations holds true. The accumulation of RBCs, the velocity reduction, and the increased RBC flow rate in the dilated branch observed in network 1 are confirmed by the results for network 2 ( Table 1) . Due to the reduced flow velocity the averaged RBC transit time for RBCs passing through the dilated branch increased by 5% and by 1% for examples 1 and 2, respectively. To study the impact of capillary dilation on RBC transit time in more detail, realistic networks should be used and the RBC path should be recorded. One possible explanation for the smaller increase of RBC transit time in example 2 is that the dilated capillary is located further downstream and hence its impact on the transit time is smaller.
Importantly, not every divergent bifurcation in network 2 is perfectly well balanced for the baseline case, and consequently, the flow conditions at individual divergent bifurcations differ significantly. It seems likely that the flow separation influences The results are compared for the baseline and the dilated cases. nRBC, number of red blood cells (RBCs); uRBC, RBC velocity; qRBC, RBC flow rate. the effectiveness of SR in the case of dilation. Hence, we investigated the influence of flow separation on the effectiveness of SR in response to dilation.
In total there are 23 divergent bifurcations and 46 outflow branches in network 2. Every outflow branch at a divergent bifurcation was dilated, and the steady-state flow field was computed. Based on the steady-state results for the baseline case, the outflow branches are either balanced (0.98 Յ |B db | Յ 1.00, 10 branches) or there is one branch with a smaller (0.0 Յ Ϫ B db Ͻ 0.98, 18 branches) and one branch with a higher flow rate (0 Յ B db Ͻ 0.98, 18 branches). At four divergent bifurcations the relative outflow rates differ drastically so that we do not expect the SR to be fully successful in the case of dilation.
To compare the effectiveness of SR between the different locations of dilation, the SR factor SR GenX and the total SR factor SR tot were introduced. The SR factor is the ratio between the relative flow change for simulations with and without RBCs:
with RBCs
⌬Q GenX
no RBCs (20) The total SR factor is calculated as the weighted sum of generations 0 -2 and is used to measure SR for the whole network in the case of dilation. As the relative flow change ⌬Q Gen3 in generation 3 is very small for all investigated scenarios, the SR factor for generation 3 is not considered in the calculation of the total SR factor.
The weights for the different generations are chosen such that the impact of the dilated capillary is largest. Their sum is equal to 1. SR is considered successful if SR tot Յ 0.7. Our results show that SR works well for divergent bifurcations with similar outflow velocities. For comparatively well-balanced bifurcations (0.90 Յ |B db | Ͻ 0.98) SR in the case of dilation is successful for the branch with the smaller outflow velocity. The effectiveness of SR decreases for ill-balanced divergent bifurcations. This means the RBCs are not able to fully compensate for the change in resistance introduced by capillary dilation. However, for all divergent bifurcations the resulting flow change in the dilated capillary was less for the simulation with RBCs.
Average values of SR GenX for different generations are shown in Fig. 6 for different balance factors. It has to be emphasized that the values for generation 2 have to be interpreted with caution. As mentioned above, the absolute changes for those generations are small, e.g., even for large SR Gen2 values the absolute changes are negligible.
In summary, SR in the case of dilation is effective in most (38/46) outflow branches of divergent bifurcations. The extent to which the RBCs are able to compensate for the induced changes depends on the flow situation at the bifurcation. The most important requirement for a successful SR is that bifurcations are well balanced and that a sufficient number of RBCs are present. An overall balanced network is beneficial to minimize changes induced by capillary dilations in the whole network. In equivalent studies with asymmetric hexagonal artificial networks similar results were obtained.
CONCLUSIONS AND DISCUSSION
In the presented work we analyzed the effects of capillary dilation on blood flow and RBC distribution and underlined the strong effects of RBCs on the network dynamics. For example, RBCs lead to balanced outflow rates at most diverging bifurcations. At such balanced bifurcations, we demonstrated that capillary dilation leads to an accumulation of RBCs and a reduced RBC velocity in the dilated capillary. This is in stark contrast to pure plasma flow and is a direct consequence of the bifurcation rule. While the RBCs accumulate in the dilated branch only, the flow rates do not change significantly. At less balanced divergent bifurcations equivalent effects were observed but were less pronounced. Moreover, the area of influence decreases for overall balanced networks. In summary, in ideal cases capillary dilation does not alter the blood flow, but increases the local RBC density. In the context of oxygen transport, a higher number of RBCs promoted by dilation is beneficial.
So far, our investigations are limited to artificial capillary networks but need to be extended to real ones. We showed that the success of SR mainly depends on the flow situation at diverging bifurcations. For most cases the changes induced by capillary dilations are very local. However, we observed that the area of influence of dilation increases in ill-balanced networks. It should be noted that the used symmetric hexagonal network is considerably smaller than realistic networks. Hence, to be able to comment in more detail on the area of influence of capillary dilation simulations should be executed in larger networks. Further research is needed to better understand the coupling between RBCs, balancing and SR in realistic networks.
For the symmetric hexagonal network we obtain the averaged balance factor for an inflow tube hematocrit of 0.25. This agrees well with the average values found in the rat cerebral cortex 0.24 Ϯ 0.09 (27) and supports our hypothesis of wellbalanced capillary networks. In further numerical simulations the ideal tube hematocrit should be defined for realistic networks and compared with experimental data.
We focused on the changes resulting from dilations of single capillaries. However, most likely collective dilations and constrictions occur in realistic situations, which offers further opportunities for even more effective SR-related phenomena.
In the context of neurovascular coupling, we suggest that capillary dilation could be an important initial process taking place immediately after increases in neuronal activity and metabolic demand. Upon a consecutive arterial dilation the increased blood flow rate reaches the capillary bed only after capillary diameters have changed such that RBCs are distributed according to the higher cerebral metabolic rate of oxygen consumption (CMR O 2 ).
Obviously, in vivo experiments are needed to confirm our results. However, such experiments are demanding, because ideally multiple locations in the capillary bed need to be measured to be able to compare the baseline to the dilated case.
The available experimental results mainly focus on the question whether capillary dilation contributes to increasing blood flow rates during neuronal stimulation (20, 36, 50) . This differs fundamentally from our assumption, since we assume that capillary dilation influences the distribution of RBCs rather than the flow rate. Hence, the available experimental investigations are not fully suitable to validate our numerical observations. Fernandez-Klett et al. (20) indirectly support our assumptions as they concluded that capillary dilation can result in changes in RBC flow in single capillaries but that it plays a minor role in increasing the flow rate. Furthermore, in two reports capillary dilation and constriction was observed, which did not fit the expected pattern. This suggests that further, yet unknown, mechanisms may also lead to capillary dilation (20, 50) . The influence of capillary dilation on RBC velocity and flow was also addressed in the work by Fernandez-Klett et al. (20) . Unfortunately, they only measured values after arterial dilation therefore their results cannot be used to justify our simulations.
In the previous paragraphs we underlined the importance of overall well-balanced networks for the effectiveness of SR. It is evident that a well-balanced capillary network offers some advantages over an unbalanced network, e.g., that the RBC distribution is changed more easily. Experimental reports confirming this theory are, however, sparse. Only a few studies exist which monitor all capillaries connected to one divergent bifurcation. Tyml et al. (51) recorded the average RBC velocity in a capillary network with Ϸ50 capillaries of the frog's sartorius muscle. For 10 divergent bifurcations the RBC velocity of both outflow branches was measurable. Unfortunately, no information on the diameters of the individual vessels and on the tube hematocrit is available. Hence, we cannot compute the bulk flow velocity from the RBC velocity. As a first approach we compared the RBC velocity of the outflow branches, and for 8 out of 10 bifurcations the RBC velocities do not differ by more than 36%. In the work by These data support our hypothesis on equalized bulk flow velocity in the outflow branches, but further measurements and simulations in realistic networks are needed to confirm our hypothesis.
It can be assumed that realistic capillary networks are built to promote well-balanced situations, and it was shown that hemodynamics may also play an important role in development (5, 6) . Very illustrative proof was provided by Chen et al. (9) . They followed the development of the midbrain of zebrafish in detail and were able to show that the created network is strongly influenced by blood flow. According to their results, vessel segments with very low flow rates are pruned and the overall flow distribution is equalized. This agrees well with our assumption that networks are built in a well-balanced fashion. However, the driving factors for developmental processes differ strongly between different organs and further investigations are needed to validate this hypothesis (5) .
In summary, our work strongly underlines the large impact of RBCs on the dynamics in capillary networks. In the case of balanced capillary networks, dilation is a very efficient mechanism to locally increase the distribution of RBCs.
APPENDIX A: COMPARISON TO EMPIRICAL MODEL
To underline the significance of the discrete RBC tracking we compared our results with the frequently used iterative model based on empirical functions (24, 32, 33, 34, 42, 43, 47) . The iterative empirical model is implemented as described in Secomb et al. (47) with the change that we used the more recent formulation to compute the phase separation and the effective resistance (41) In a first step we compared the results of the discrete and the empirical model for the dilated two-branch network (Fig. A1 ). Both models predict an increased number of RBCs n RBC and a reduced RBC velocity uRBC in the dilated branch. However, the increase in the number of RBCs as well as the decrease in the RBC velocity is more pronounced in the discrete model. In the empirical model the number of RBCs does not rise enough to compensate for the drop in resistance Fig. A1 . Averaged flow rate, number of RBCs, and velocity of RBCs relative to baseline for different initial diameters (Dinit) and different numerical models (discrete and empirical). Black lines illustrate the results in the AB and grey lines in the PB. The dilation factor is fDil ϭ 15%. nRBC is shown for the whole AB and PB, whereas uRBC is the velocity in the dilated part of the AB and its undilated counterpart in the PB.
due to dilation and consequently the flow rate in the dilated branch is larger in the active branch.
In a second step we analyzed the relative flow change ⌬Q GenX in the hexagonal network for the dilation of the capillaries illustrated in Fig. 5 , A and B. Figure A2 compares the results of the relative flow change for the discrete and the empirical model. Similar trends as in the two-branch network are observed. Compared with the simulation without RBCs the relative flow change is smaller for both numerical models. However, the SR effect is less pronounced in the empirical model. The number of RBCs n RBC increases by 35.8% in the discrete model but only by 32.5% in the empirical model.
Already for the baseline case there are significant differences between the empirical and the discrete model. The relative difference in flow rate ⌬q and number of RBCs ⌬n RBC is illustrated in Fig. A3 . On average the flow rates differ by 16% and the number of RBCs by 24%. In summary, it can be stated that SR is observed with both numerical models but that the empirical model underestimates the effectiveness of SR. 
